I. Introduction
===============

Aquaporin is a selective water channel that is located on the plasma membrane of various kinds of cells, and is considered to play an important role in the movement of molecular water to modulate the osmotic pressure within cells \[[@B15], [@B19], [@B20], [@B21]\]. In particular, aquaporin-4 (AQP4) is the sole water channel present in mammalian skeletal muscle *in vivo* \[[@B5], [@B8]\]. On the plasma membrane of myofibers, AQP4 stabilizes binds to α1-syntrophin, which is a component of the dystrophin-associated protein complex in skeletal muscle, and thus, it is thought that α1-syntrophin plays an important role in regulating AQP4 expression in skeletal muscle \[[@B1], [@B17], [@B25]\]. Interestingly, in skeletal muscle, AQP4 is selectively expressed in fast-twitch myofibers but not in slow-twitch myofibers, and thus it is considered that the expression of AQP4 is dependent on the manner of recruitment of myofibers \[[@B5], [@B7], [@B13]\].

AQP4 mediates water transport between blood and myofibers for the modulation of rapid volume changes that occur during muscle contraction, and, together with aquaporin-1, is expressed on microvessels \[[@B8]\]. Moreover, in addition to modulating the osmotic pressure in myofibers, it has been suggested that AQP4 is involved in the regulation of myofiber energy metabolism \[[@B2]\]. Furthermore, as the expression of AQP4 is markedly reduced or absent in dystrophic muscles with dystrophin deficiency, it has also been suggested that AQP4-mediated water homeostasis is involved in the pathological process of muscular dystrophy \[[@B4], [@B6], [@B9], [@B16], [@B22]\]. On the other hand, pathologic findings, such as edema, were not detected in the morphology of skeletal muscles in AQP4 overexpressing transgenic mice \[[@B23]\]. Moreover, it is reported that muscle strength, osmotic water permeability, and the contents of the water in skeletal muscle were not altered in AQP4 knockout mice, compared with wild-type mice \[[@B24]\]. Thus, there is no consensus on the physiological role of AQP4 in the maintenance of skeletal muscle homeostasis *in vivo*. In particular, to the best of our knowledge, the physiological role of AQP4 in the regulation of the morphology of skeletal muscles has not been investigated, and thus, it remains unclear whether skeletal muscle hypertrophy is accompanied by the alteration of AQP4 expression to modulate the efficiency of water transport in myofibers *in vivo*. In addition, it remains unclear whether the alteration of the expression of AQP4 and α1-syntrophin is synchronized during skeletal muscle hypertrophy. Therefore, the present study investigated the alteration of AQP4 and α1-syntrophin expression levels in hypertrophied skeletal muscle *in vivo*, to provide a molecular basis to elucidate its physiological role in the regulation of morphological changes in skeletal muscle *in vivo*.

II. Materials and Methods
=========================

Experimental design and surgical procedure
------------------------------------------

Adult female Fischer 344 rats (8 weeks of age) were used in this study, and randomly assigned to control (C) and overload (Ov) groups (n=6 per group). The rats were housed in individual cages at 22°C, with a 12 hr light/dark cycle and were provided with food and water ad libitum. All experiments were carried out with the approval of the Ethics Committee on Life Sciences of Osaka Institute of Technology.

In order to produce overload-induced muscle hypertrophy of the plantaris muscle, ablation of the ipsilateral synergistic gastrocnemius and soleus muscles was performed as described previously \[[@B10]--[@B12]\]. Briefly, under pentobarbital sodium anesthesia (60 mg kg-1 i.p.), a skin incision was made to fully expose the dorsal region of the experimental leg. The soleus muscle was completely removed except for a small portion at the proximal end, where it attaches to the plantaris. Both the lateral and medial gastrocnemius muscles were completely removed. Contralateral plantaris muscles were used as sham-operated controls (C group) because there was no significant difference between the sham-operated and sedentary muscle (data not shown). The animals were sacrificed at 5 weeks post-surgery. At the time of death, each rat was anesthetized and the plantaris muscles were removed. The samples were quickly frozen in liquid nitrogen and stored at −80°C until use.

Immunohistochemical analysis
----------------------------

For immunostaining, serial cross-sections (10 μm thick) of mid-belly muscles were cut using a cryostat at −20°C and thawed on 3-amino propylethoxysilane-coated slides. The sections were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer solution (pH 7.4) for 15 min and washed with 0.1 M phosphate-buffered saline (PBS, pH 7.4). Then, to block any nonspecific immunoreactivity, the sections were incubated with 0.1 M PBS containing 10% normal serum and 1% Triton X-100 for 1 hr. The primary antibodies were diluted with 0.1 M PBS containing 5% normal serum and 0.3% Triton X-100, and the secondary antibodies were diluted with 0.1 M PBS containing 5% normal serum and 0.1% Triton X-100.

For multicolor immunofluorescence staining, the sections were simultaneously incubated for 16--48 hr at 4°C with the primary antibodies. The primary antibodies used in the present study were as follows: goat polyclonal anti-AQP4 (1:400; Santa Cruz Biotech, Santa Cruz, CA, USA), mouse monoclonal anti-Dystrophin (1:100; Sigma, St Louis, MO, USA), mouse monoclonal anti-Pax7 (1:100; R&D systems, Inc. Minneapolis, MN, USA), mouse monoclonal anti-Myosin (skeletal, fast) (1:100; Sigma) and mouse monoclonal anti-Myosin (skeletal, slow) (1:100; Sigma). Then, the sections were washed in 0.1 M PBS, and simultaneously incubated overnight at 4°C with secondary antibodies. The secondary antibodies used in the present study were fluorescein-labeled horse anti-mouse IgG (1:300, Vector Laboratories, Burlingame, CA, USA) and the Alexa Fluor 568-labeled donkey anti-goat IgG (1:300; Molecular Probes, Eugene, OR, USA). Then, the sections were washed in 0.1 M PBS and mounted in VECTASHIELD Mounting Medium with DAPI (Vector Laboratories) to visualize the nuclei. All image analyses were performed using a fluorescence microscope (BX60; Olympus, Tokyo, Japan) and a Penguin 600CL (Pixera Corporation, CA, USA).

Western blot analysis
---------------------

Cryosections, 250 μm thick, (25 sections × 10 μm thick) of mid-belly muscles were cut using a cryostat at −20°C and were homogenized in 300 μl of RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM sodium chloride, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate) (Sigma) containing 1× Protease Inhibitor Cocktail (Roche Diagnostic). After the homogenate samples were centrifuged at 12000×g for 10 min at 4°C, the supernatant fluids were collected.

The homogenate samples were resolved by SDS-PAGE (12.5% polyacrylamide gel) and transferred onto polyvinylidene difluoride membranes (ATTO, Tokyo, Japan) at 144 mA for 45 min. After transfer, to block any nonspecific immunoreactivity, the membranes were incubated with 20 mM Tris-buffered saline (TBS) (pH 7.6) containing 5% normal serum and 0.1% Tween-20 for 1 hr at room temperature. The membranes were then incubated overnight at 4°C with primary antibodies. The primary antibodies were diluted with 20 mM TBS containing 5% normal serum and 0.1% Tween-20. The primary antibodies used in the present study were as follows: goat polyclonal anti-AQP4 (1:500; Santa Cruz), mouse monoclonal Anti-β-Actin (internal control, 1:2000; Abcam, Cambridge, UK), rabbit polyclonal Anti-Syntrophin alpha 1 (1:4000; Abcam). Then, they were washed in 20 mM TBS containing 5% normal serum and 0.1% Tween-20, and incubated for 1 hr at room temperature with secondary antibodies. The secondary antibodies used in the present study were as follows: biotinylated anti-mouse IgG (1:10000; Vector Labs, Burlingame, CA, USA), biotinylated anti-rabbit IgG (1:10000; invitrogen, Camarillo, CA, USA), biotinylated anti-goat IgG (1:10000; Millipore, Temecula, CA, USA). They were washed in 20 mM TBS containing 5% normal serum and 0.1% Tween-20, and incubated for 1 hr at room temperature with TBS containing 5% normal serum and peroxidase conjugated streptavidin horseradish (1:50000; GE Healthcare, Buckinghamshire, UK). Finally, immunoreactivity was detected by chemiluminescence using ImmunoStar LD (Wako, Osaka, Japan). The bands were quantified by densitometric analysis using ImageJ software (ver.1.48, http://rsb.info.nih.gov/ij/). The mean value for the control samples on each immunoblot, expressed relative to β-actin as an internal control, was adjusted to equal 1.0, and each sample value was expressed relative to the adjusted mean value for the control group.

Analysis of the myofiber cross-sectional area in response to functional overload
--------------------------------------------------------------------------------

For the evaluation of the myofiber cross-sectional area in response to functional overload, serial cross sections (10 μm thick) of mid-belly muscles were cut using a cryostat (CM3050, Leica, Germany) at −20°C and thawed on 3-amino propylethoxysilane-coated slides. Then, these sections were visualized using hematoxylin and eosin (HE) staining. As described previously \[[@B3]\], to calculate the mean myofiber cross-sectional area in each sample, at least 30 photographs covering the entire muscle section were taken for each sample. Furthermore, the cross-sectional areas of at least 400 myofibers were randomly measured in each sample using ImageJ software.

Statistical analysis
--------------------

All data are represented as means±SD and were analyzed using the StatView statistical-analysis program (SAS institute Inc., Cary, NC, USA). Differences between C and Ov groups were tested by one-way ANOVA using Scheffé's S test. Differences were considered to be significant at the confidence level of 0.05.

III. Results
============

The relative plantaris muscle weight in the Ov group was significantly higher than that in the C group (p\<0.05) ([Fig. 1](#F1){ref-type="fig"}). Furthermore, the mean cross-sectional area of the myofibers in the Ov group was significantly higher than that in the C group (p\<0.05) ([Fig. 2](#F2){ref-type="fig"}). Therefore, these results indicate that myofiber hypertrophy was induced by functional overload.

Localization of AQP4 in normal skeletal muscle
----------------------------------------------

We observed the ring-like expression pattern of AQP4-positive immunoreactivity throughout contralateral control muscles ([Fig. 3](#F3){ref-type="fig"}A--C). Then, it was detected that AQP4-positive immunoreactivity was colocalized with dystrophin-positive immunoreactivity ([Fig. 3](#F3){ref-type="fig"}D--G). Therefore, these findings indicate that the expression of AQP4 is localized on the plasma membrane of myofibers.

Next, to clarify whether AQP4 is expressed on skeletal muscle satellite cells, we performed double fluorescence immunohistochemical staining using Pax7 and AQP4 antibodies on contralateral control muscles ([Fig. 4](#F4){ref-type="fig"}A--D). APQ4-positive immunoreactivity was not detected on the Pax7-positive satellite cells. Thus, this finding indicates that AQP4 is not expressed on skeletal muscle satellite cells.

Relationship between AQP4 expression patterns and myosin heavy chain expression patterns in myofibers
-----------------------------------------------------------------------------------------------------

*In vivo* skeletal muscle is composed of several types of myofibers, e.g. MHC-F (+)/MHC-S (−), MHC-F (−)/MHC-S (+), and MHC-F (+)/MHC-S (+) myofibers. The present study investigated the relationship among the expression patterns of AQP4, MHC-F, and MHC-S in skeletal muscle. As shown in [Fig. 5](#F5){ref-type="fig"} (A--C), in contralateral control muscles, AQP4-positive immunoreactivity was detected with MHC-F (+)/MHC-S (−) myofibers. Conversely, AQP4-positive immunoreactivity was not detected in MHC-F (−)/MHC-S (+) myofibers. MHC-F (+)/MHC-S (+) myofibers were not detected in contralateral control muscles (data not shown). On the other hand, MHC-F (+)/MHC-S (+) myofibers were detected in the skeletal muscles exposed to functional overload, and furthermore, in these myofibers, AQP4-positive immunoreactivity was not observed ([Fig. 5](#F5){ref-type="fig"}D--F). Thus, these findings indicate a relationship among AQP4, MHC-F, and MHC-S expression patterns in skeletal muscle.

Effect of skeletal muscle hypertrophy in AQP4 and α1-syntrophin proteins
------------------------------------------------------------------------

To investigate changes in the expression of AQP4 and α1-syntrophin proteins with regard to skeletal muscle hypertrophy, we performed western blot analysis using AQP4 and α1-syntrophin antibodies, respectively ([Fig. 6](#F6){ref-type="fig"}A). The expression level of AQP4 in the Ov group was similar to that in the C group ([Fig. 6](#F6){ref-type="fig"}B). In addition, there was no significant difference between the expression levels of α1-syntrophin protein in the C and Ov group ([Fig. 6](#F6){ref-type="fig"}C). These findings indicate that the expression level of AQP4 and α1-syntrophin proteins in skeletal muscle subjected to functional overload was relatively unchanged, compared with normal skeletal muscle.

IV. Discussion
==============

The expression of AQP4 is decreased in mammalian skeletal muscle with muscular dystrophy, and thus it is suggested that AQP4 contributes to the regulation of skeletal muscle morphology \[[@B6], [@B9], [@B22]\]. However, it remains unclear whether the expression of AQP4 changes in response to morphological changes in normal skeletal muscle. The present study indicated that changes in AQP4 expression were involved in functional overload-induced skeletal muscle hypertrophy, and suggested a relationship between the expression level of AQP4 and the size of myofibers.

The present study showed that the expression of AQP4 is localized on the dystrophin-positive plasma membrane of myofibers, and this result corresponded to the localization of AQP4 in skeletal muscle found in the previous studies \[[@B13], [@B14]\]. On the other hand, although it remains unclear whether AQP4 is localized in skeletal muscle satellite cells *in vivo* until now, we have first demonstrated that satellite cells do not express AQP4 in skeletal muscle.

One of the characteristics of AQP4 expression patterns in skeletal muscle is the relevance of the type of MHC in the myofibers. Previous studies have shown that myofibers expressing AQP4 had MHC-F, whereas AQP4 was not expressed in myofibers that had MHC-S but no MHC-F \[[@B5], [@B18], [@B23], [@B24]\]. Thus, it has been suggested that the regulation of AQP4 expression may depend on muscle activities that promote the expression of MHC-F \[[@B7]\]. However, these previous studies did not investigate the expression pattern of AQP4 in MHC-F (+)/MHC-S (+) myofibers. In the present study, we first demonstrated the expression of AQP4 was not detected on MHC-F (+)/MHC-S (+) myofibers in functional overloaded skeletal muscle although there were no MHC-F (+)/MHC-S (+) myofibers in normal control muscles. Therefore, in contrast to previous suggestion, the present study provides a novel hypothesis that the expression of AQP4 may be inhibited under physiological conditions that induce the expression of MHC-S in skeletal muscles, with or without the presence of MHC-F. Further investigation is needed to elucidate the relationship between the expression pattern of AQP4 and the types of myofibers in skeletal muscle.

The relationship between the changes in the AQP4 expression level and the morphological change of skeletal muscle remains unknown, until now. We first demonstrated that the expression level of AQP4 in the hypertrophied skeletal muscles was maintained, compared with the contralateral control muscles. Furthermore, as well as with AQP4, the relative expression level of α1-syntrophin, in the hypertrophied skeletal muscles, was not significantly altered compared with that in contralateral control muscles. In general, because AQP4 is localized under the plasma membrane through an α1-syntrophin-mediated interaction, the regulation of AQP4 expression is associated closely with the expression of α1-syntrophin \[[@B1], [@B17], [@B25]\]. However, it remains unclear whether the changes in the expression of AQP4 are correlated with the changes in expression of α1-syntrophin. We first demonstrated a relationship between AQP4 and α1-syntrophin expression levels in hypertrophied skeletal muscles similar to control muscles. Moreover, in the present study, the mean cross-sectional area of the myofibers in overloaded muscles was significantly higher than that in contralateral control muscles. Therefore, the efficiency of water transport and osmotic pressure may be maintained in myofibers by the modulation of the expression levels of AQP4 and α1-syntrophin in response to myofiber hypertrophy. Although the functional significance of AQP4 in the morphological changes in skeletal muscle *in vivo* is not fully understood, in the present study, we suggest that AQP4 might be involved in the regulation of skeletal muscle hypertrophy through its interaction with α1-syntrophin. In the future, further investigation is needed to elucidate the molecular mechanism(s) regulating the expression level of AQP4 during muscle hypertrophy.

In conclusion, the present study demonstrated that the expression of AQP4 was absent in the myofibers expressing MHC-S with or without the expression of MHC-F in skeletal muscles. Moreover, we first found that the relative expression level of AQP4 in hypertrophied skeletal muscles was maintained at a level similar to control muscles, and this phenomenon was accompanied by the modulation of the expression level of α1-syntrophin. Therefore, the present study suggests that AQP4 plays an important role in regulating muscle hypertrophy through its interaction with α1-syntrophin in response to functional overload.

![Relative muscle weight in control and overloaded plantaris muscles. Values are means±SD. Relative muscle weight is presented as mg/100g body weight. C: contralateral sham-operated muscles. Ov: overloaded muscles. \*Significant difference between C and O group (p\<0.05).](AHC16005f01){#F1}

![Mean cross-sectional area of the myofibers in contralateral sham-operated and overloaded plantaris muscles. Values are means±SD. C: control muscles. Ov: overloaded muscles. \*Significant difference between C and Ov group (p\<0.05).](AHC16005f02){#F2}

![Photomicrographs showing the localization of AQP4 in control plantaris muscles. Immunostaining was performed to visualize the localization of AQP4 (**A**) and nuclei (**B**), and the two images were merged (**C**). Immunostaining was performed to visualize the localization of dystrophin (**D**), AQP4 (**E**), and nuclei (**F**), and the three images were merged (**G**). Bar=50 μm (**A--C**) and 30 μm (**D--G**).](AHC16005f03){#F3}

![Photomicrographs showing no expression of AQP4 in satellite cells in control plantaris muscles. Immunostaining was performed to visualize the localization of Pax7 (**A**), AQP4 (**B**), and nuclei (**C**), and the three images were merged (**D**). The arrow (**A--D**) indicates no expression of AQP4 in Pax7-positive satellite cells. Bar=30 μm (**A--D**).](AHC16005f04){#F4}

![Photomicrographs showing the relationship between myosin heavy chain isoforms and AQP4 in control and overloaded plantaris muscles. Immunostaining was performed to visualize the localization of MHC-F (**A, D**), MHC-S (**B, E**), and AQP4 (**C, F**) using serial cross-sections. In control muscles (**A--C**), MHC-F (+)/MHC-S (−) myofibers (non symbol) indicated AQP4-positive immunoreactivity, and MHC-F (−)/MHC-S (+) myofibers (\#) indicated AQP4-negative immunoreactivity. There was no MHC-F (+)/MHC-S (+) myofiber. In overloaded muscles (**D--F**), MHC-F (+)/MHC-S (+) myofibers (\*) indicated AQP4-negative immunoreactivity. Bar=30 μm.](AHC16005f05){#F5}

![AQP4 and α1-syntrophin protein expression in contralateral sham-operated and overloaded plantaris muscles. (**A**) The levels of AQP4, α1-syntrophin, and β-actin protein were analyzed by Western blot. β-actin was used as an internal control. (**B**) AQP4 protein expression levels, normalized for β-actin protein expression levels, were calculated by densitometric analysis. (**C**) α1-syntrophin protein expression levels, normalized for β-actin protein expression levels, were calculated by densitometric analysis. Values are means±SD. C: control muscles. Ov: overloaded muscles. Fold change was expressed relative to the levels observed in the C group. In the expression levels of AQP4 and α1-syntrophin protein, there were no significant differences between C and Ov groups, respectively.](AHC16005f06){#F6}
